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A program of measurements is  r e p o r t e d   r e l a t i n g  t o  t h e  effects on 

an   an tenna   caused  by a plasma i n   t h e   n e a r   f i e l d .  I n  one   phase  of t h e  

program,  admittance  measurements were performed  with a Teflon-plugged 

waveguide s l o t  a n t e n n a   r a d i a t i n g   i n t o   t h e   f l o w i n g   i o n i z e d   g a s  of a n  

a rc-dr iven   shock   tube .   The   e lec t ron   dens i ty  w a s  var ied  above  and  below 

t h e  c r i t i c a l  d e n s i t y  a t  t w o  d i f f e r e n t   v a l u e s  of shock- tube   pressure .  

The r e s u l t s  are c o m p a r e d   w i t h   t h e o r e t i c a l   p r e d i c t i o n s .  

In   t he   o the r   ma jo r   po r t ion   o f   t he   p rog ram,   measu remen t s  were made 

i n   t h e  same s h o c k   t u b e   t o   d e t e r m i n e   t h e   i o n i z a t i o n  rise times i n  normal- 

shock-heated a i r  and   o the r   p l ane ta ry   gas   mix tu res .  The p r i n c i p a l  re- 

s u l t s  of these  measurements were t o   s u p p l y   t h e   i o n i z a t i o n  rise h i s t o r y  

i n  a i r  and i n  a 90-percent N / lO-percent CO mix tu re   ove r  a wide  range 

of pressures   and   shock   speed .  
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I INTRODUCTION 

This  is  t h e   F i n a l   R e p o r t   o n  a o n e - y e a r   c o n t r a c t   t h a t  is t h e   t h i r d  

i n  a series. T h e s e   t h r e e   p r o j e c t s ,   e a c h   w i t h  a d i f f e ren t   emphas i s ,   have  

d e a l t   w i t h   t h e   e f f e c t s   o f  a plasma i n   t h e   n e a r - z o n e   f i e l d   o f   a n   a n t e n n a .  

These   s tud ies   have   been   genera l ly   a imed a t  the  problem  of   communicat ions 

d u r i n g   h y p e r s o n i c   f l i g h t   t h r o u g h   t h e   a t m o s p h e r e   o f   t h e   e a r t h   a n d   o t h e r  

p l a n e t s .  The f i r s t   o f   t h e s e  was d e v o t e d   t o  a s t u d y   o f  small loops  and 

d i p o l e s   i n   h y d r o c a r b o n - f l a m e   p l a s m a s   w i t h   r e l a t i v e l y   h i g h   c o l l i s i o n  

frequency . 1 *  
The  emphasis  of  the  second-year  program” w a s  on  measurements  with 

X-band r a d i a t i n g   a p e r t u r e s   w i t h  a t  least  one  dimension of t h e  same o r d e r  

as the  f ree-space  wavelength.   These  measurements  were made i n  bo th   an  

R F  plasma j e t  and a 12- inch ,   a rc -dr iven   shock   tube .  The o p e r a t i n g  

r e g i m e s   o f   p r e s s u r e   i n   b o t h   t h e s e   f a c i l i t i e s  were s u c h   t h a t   t h e   c o l l i s i o n  

f requency  was low  compared  with  the RF. I n c l u d e d   i n   t h e   s e c o n d - y e a r  

program were a few  admi t tance   measurements   o f   an   open   waveguide   s lo t  

a n t e n n a   i n   t h e   p l a s m a  j e t ,  a n d   c o n s i d e r a b l e   r e f l e c t i o n   c o e f f i c i e n t  

measurements  of a similar s l o t   i n   t h e   s h o c k   t u b e .  

I n   t h i s   t h i r d  program, a l l  the  measurements  were p e r f o r m e d   i n   t h e  

shock  tube.   Admittance  measurements were performed  on a w a v e g u i d e   s l o t  

antenna  plugged  with  Teflon  such  that   f ree-space  mismatch was minimized. 

I n   a d d i t i o n ,   m e a s u r e m e n t s   o f   i o n i z a t i o n  rise times and e l e c t r o n   d e n s i t i e s  

were made in   normal -shock-hea ted  a i r  and i n   m i x t u r e s   o f  CO and N 

Knowledge  of t hese   pa rame te r s  i s  i m p o r t a n t   t o   b o t h   a e r o s p a c e  communica- 

t i o n   a n d   t o  a b e t t e r   b a s i c   u n d e r s t a n d i n g   o f   t h e   t r a n s i e n t  phenomena 

o c c u r r i n g  when gases  are shock-hea ted .   Concurren t   theore t ica l   p rograms 

i n   b o t h   t h e   s l o t - a d m i t t a n c e 3   a n d   i o n i z a t i o n  rise-time4 areas were per -  

formed a t  t h e  NASA-Langley Research C e n t e r .  

2 2 ’  

* 
References  are l i s t e d  a t  t h e  end of t h i s   r e p o r t .  
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T h i s   r e p o r t   i n c l u d e s   i n   S e c .  I1 a s h o r t   d e s c r i p t i o n   o f   t h e   s h o c k -  

tube   f ac i l i t y ,   t he   p r imary   measu remen t s   equ ipmen t ,   and   t he   aux i l - i a ry  

a p p a r a t u s .   S e c t i o n  I11 is a summary of   the  s lot-admit tance  measurement  

r e s u l t s ,   a n d   S e c .  IV g i v e s  results o f   t h e  rise-time measurements. 

The a u t h o r  is g r a t e f u l   t o  T. Mor i ta ,  W. E. Scharfman,  and J. B. 

Chown of SRI f o r  many h e l p f u l   d i s c u s s i o n s   a n d   s u g g e s t i o n s .  The measure- 

ments were capably  performed by R .  L. Warner, J. W. Granvi l le ,   and  

C .  D. Walker. 
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I1 DESCRIPTION OF FACILITIES AND MEASUREMENT PROCEDURES 

A. Arc-Driven  Shock  Tube 

T h e   s h o c k   t u b e   u s e d   i n   t h e s e   s t u d i e s  is  o f   t he   a r c -d r iven   t ype   and  

i s  modeled a f t e r   t h e   d e s i g n  of Camm and Rose.’ A s c h e m a t i c   o f   t h e   t u b e  

is p resen ted  i n  F ig .  1. F i g u r e  2 shows a c r o s s   s e c t i o n   o f   t h e   s h o c k -  

t u b e   d r i v e r .  A f u l l   d e s c r i p t i o n   o f   p e r f o r m a n c e   c a p a b i l i t i e s  i s  r e p o r t e d  

i n  R e f .  6. Near t h e   e n d   o f   t h i s   p r o j e c t ,   f a b r i c a t i o n   a n d   i n s t a l l a t i o n  

of  a new d r i v e r  were completed.  An a l u m i n a   l i n e r  w a s  u s e d ,   r a t h e r   t h a n  

t h e  Lexan, f o r   p u r p o s e s   o f   r e d u c i n g   t h e   i m p u r i t i e s   p r o p e l l e d   i n t o   t h e  

tes t  s e c t i o n   f r o m   t h e   d r i v e r .  Whereas t h e   L e x a n   a b l a t e d   s u f f i c i e n t l y  

d u r i n g   e a c h   f i r i n g   t o   c o a t   t h e   i n s i d e  wal l s  o f   t h e   t u b e   w i t h  a carbona-  

ceous l a y e r ,  t h e   a l u m i n a   a b l a t e s  much less p e r   f i r i n g ,   g i v i n g   b o t h   l o n g e r  

l i f e  and a much reduced w a l l  impuri ty   problem. 7 

The  shock  speed i s  measured by a series o f   f l u sh   p robes   moun ted   i n  

t h e   t u b e  walls. The p robe   cu r ren t   deve lops  a v o l t a g e   a c r o s s  a r e s i s t o r .  

T h i s   v o l t a g e  is t h e n   d i f f e r e n t i a t e d   t o   g i v e  a s p i k e   i n   v o l t a g e  when t h e  

i o n i z a t i o n   f r o n t   p a s s e s   t h e   p r o b e .  The v o l t a g e   s p i k e  is a p p l i e d   t o   t h e  

v e r t i c a l   p l a t e s   o f  a ras ter  o s c i l l o s c o p e   ( s e e   F i g .  3), and t h e  time f o r  

t h e   s h o c k   t o   t r a v e l  a known d i s t a n c e  is measured   f rom  the   osc i l loscope  

i n  terms o f   t h e  time between  spikes .  The shock   speed   decreases  as a 

f u n c t i o n   o f   d i s t a n c e   f r o m   t h e   d r i v e r ;   o v e r   t h e   t w o - m e t e r   r e g i o n   o f   s p e e d  

measurement, t h e   d e c e l e r a t i o n  i s  t y p i c a l l y  5 t o  10 pe rcen t .  

B. Ion  Probes 

Ion  probes were used i n   t h e   s h o c k   t u b e   f o r  a l l  measurements.   For 

the   admi t t ance   measu remen t s ,   t he   p robes  were u t i l i z e d   t o   d e t e r m i n e   t h e  

a b s o l u t e   e l e c t r o n   d e n s i t y  as a f u n c t i o n  of time d u r i n g  a s h o t   i n  a g iven  

l o c a t i o n   i n   t h e   t u b e .   F o r   t h e  rise-time measurements, i t  w a s  necessa ry  

t o  de te rmine   on ly  the re la t ive  i o n i z a t i o n - d e n s i t y  time h i s t o r y .  

S ~ h a r f m a n , ~ ~ ’   u s i n g  microwave  interferometers ,   demonstrated i n  earlier 

s t u d i e s   w i t h  a i r  i n   t h e   s h o c k   t u b e   t h a t   1 0 - m i l - d i a m e t e r  w i r e  probes,  

b i a s e d   f o r   i o n - s a t u r a t i o n   c u r r e n t ,   c o l l e c t   c u r r e n t   d e n s i t y   v e r y   n e a r l y  

3 
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FIG. 1 SCHEMATIC LAYOUT OF ARC-DRIVEN SHOCK TUBE 
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FIG. 2 CROSS SECTION OF SHOCK TUBE DRIVER 



TI-3857-44 

FIG. 3 SHOCK SPEED MEASUREMENT ON RASTER  SCOPE 

p r o p o r t i o n a l   t o   t h e   f r e e - s t r e a m   i o n   d e n s i t y   f o r   i n i t i a l   s h o c k - t u b e  

p r e s s u r e s ,  0.1 t o r r .  T h e   a c c u r a c y   i n   i n f e r r i n g   t h e   d e n s i t y   u s i n g  

e x i s t i n g   t h e o r y   o v e r  a w i d e   r a n g e   o f   e l e c t r o n   d e n s i t y   c a n   b e   s e e n   i n  

F ig .  4 ,  us ing   s imul t aneous   mic rowave   i n t e r f e reomete r  data as a s t a n d a r d .  

F i g u r e  5 is a graph  of t h e   c a l c u l a t e d   p r o p o r t i o n a l i t y   " c o n s t a n t "   f o r  a 

1/2- inch-long wire p r o b e   p e r p e n d i c u l a r   t o   t h e   f l o w .  

P1 

For   h ighe r   p re s su res ,   wedge- shaped   p robes   o f   t he   t ype   ske t ched   i n  

Fig.  6, w i t h  a 10-degree   ha l f - ang le ,  were used.   Scharfmanl '   found  that  

t h e   o b l i q u e   a t t a c h e d   s h o c k   o f f   s u c h  wedge p r o b e s   i n  a i r  produced  addi-  

t i o n a l   i o n i z a t i o n   s l o w l y   e n o u g h  so  t h a t   t h e  wedge   p robes   a l so   co l l ec t  

c u r r e n t   d e n s i t y   p r o p o r t i o n a l   t o   t h e   f r e e - s t r e a m   i o n   d e n s i t y   i n   t h e  

p e r t i n e n t   r a n g e   o f   s h o c k   s p e e d s   f o r  p 5 1 . 0   t o r r .  The p r o p o r t i o n a l i t y  

f a c t o r   f o r   t h e  wedge probes   can   be   deduced   f rom  theory   approximate ly  as 

well as f o r   t h e  wire probes  and was e s s e n t i a l l y  c o n s t a n t   o v e r   t h e   r a n g e  

o f   d e n s i t i e s   m e a s u r e d .   B e c a u s e   o f   t h e   p r o p o r t i o n a l i t y   d e m o n s t r a t e d   f o r  

bo th   p robes ,   the   normal -shock   ion iza t ion  rise times were i n f e r r e d  

d i r e c t l y   f r o m   t h e   s a t u r a t i o n   i o n   c u r r e n t   r e c o r d  as a f u n c t i o n   o f - t i m e .  

I n  some of t h e   s h o t s   i n  a i r ,  s imultaneous  measurements  of rise time in -  

ferred  f rom  the  probe  data   and  f rom  microwave  ref lect ion  data   showed 

good  agreement. 
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I t  follows f r o m   t h e   s t u d i e s   i n  a i r  t h a t   t h e  wedges a r e   v a l i d   f o r  

making rise-time measurements   over   the  same pressure /speed   reg imes   in  

any  gas   with rise times no f a s t e r   t h a n  a i r .  

C .  Antenna  Admittance 

The Teflon-plugged  open-waveguide s l o t  an tenna  is shown i n   F i g .  7 .  

The l e a d i n g   e d g e  of t h e   s l o t   g r o u n d   p l a n e  w a s  made s h a r p  t o  min imize   t he  

e f f ec t s   on   t he   f l ow,   and   t he   wedge-p robe  w a s  u s e d   i n   t h e  1.0-torr s h o t s  

t o  m o n i t o r   t h e   i o n   d e n s i t y   j u s t   d o w n s t r e a m  of t h e   a p e r t u r e .   I n   t h e  

0.1-torr s h o t s ,  a wire probe was p l a c e d   i n   t h e  same l o c a t i o n .   P r i o r  

s tud ie s"   showed   t ha t  a boundary layer  of approximately 2-mm t h i c k n e s s  

would exist  o v e r   t h e   a p e r t u r e   i n   t h e  O . l - t o ~ r  shots ,   compared   wi th  a 

0.6-mm t h i c k n e s s   i n   t h e  1.0-torr s h o t s .  

8 
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Because  of the  r a p i d l y   v a r y i n g   p l a s m a   c o n d i t i o n s ,   t h e   a d m i t t a n c e  

measurements  had t o  be made wi th   f i xed   componen t s   u s ing  a CW microwave 

gene ra to r .  I t  was dec ided  t o  u s e  a one-probe   re f lec tometer  similar t o  

t h a t   d e s c r i b e d  by Ginzton.” A b lock   d i ag ram  o f   t h i s   appa ra tus  i s  shown 

i n   F i g .  8. The d e t e c t e d   s i g n a l s   f r o m   t h e   r e f l e c t e d  power  and t h e   s l o t t e d  

l i n e   p r o b e  were d i s p l a y e d   a l o n g   w i t h   t h e   d i a g n o s t i c   p r o b e   c u r r e n t s  as a 

f u n c t i o n   o f  time. During a s h o t ,   t h e   s l o t t e d - l i n e   p r o b e  was f i x e d  a t  a 

p o s i t i o n   e i t h e r  e l ec t r i ca l ly  i d e n t i c a l   t o   t h e   a p e r t u r e ,   o r ,   f o r  some 

s h o t s ,  a quar te r -wavelength   f rom  such  a p o s i t i o n .   C o n s t r u c t i o n  of  t h e  

s i m u l t a n e o u s   r e f l e c t e d   a n d   p r o b e   v o l t a g e s   i n  a vec tor   d iagram  on  a Smith 

c h a r t   d i r e c t l y   d e t e r m i n e s   n o r m a l i z e d   a d m i t t a n c e .  

The Te f lon   p lug  was c u t   t o  a l e n g t h  (0.41 i n c h )   s u c h  as t o   c a n c e l  

o u t   t h e   a p e r t u r e   f r e e - s p a c e   c a p a c i t i v e   s u s c e p t a n c e .  The small remain ing  

mismatch was d u e   t o   t h e   d i f f e r e n c e   i n   c o n d u c t a n c e .  Bends i n   t h e  wave- 

gu ide  were a v o i d e d   b e t w e e n   t h e   s l o t t e d   l i n e   a n d   t h e   a p e r t u r e   t o   a v o i d  

i n t r o d u c t i o n   o f   s p u r i o u s   s u s c e p t a n c e .  Bench  measurements were made 

p r i m a r i l y  t o  compare  the  phase  measurements   of   the   one-probe  technique 

w i t h   t h e   s l o t t e d - l i n e  minimum/maximum techn ique   u s ing   va r ious   t e rmina -  

t i o n s ,   i n c l u d i n g   t h e   f r e e - s p a c e   a p e r t u r e .  The average  error i n   t h e  re- 

f l e c t i o n   c o e f f i c i e n t   a n g l e  was 5 d e g r e e s .   S i g n i f i c a n t l y  greater 

prec is ion   could   have   been   ach ieved  by u s i n g  a second  probe a t  a d i f f e r e n t  

e lectr ical  l o c a t i o n   i n   t h e   s l o t t e d   l i n e ,   e s p e c i a l l y  when t h e  impedance 

o f   t h e   a p e r t u r e   v a r i e d   o n l y   s l i g h t l y   f r o m   t h e   f r e e - s p a c e   a d m i t t a n c e ,  as 

a t  low e l e c t r o n   d e n s i t i e s .  However, i n c r e a s e d   p r e c i s i o n   i n   p h a s e  

measurements was not deemed necessa ry  as the  emphasis   of   the   program 

w a s  s h i f t e d   t o   t h e   i o n i z a t i o n  rise-time measurements. 

D. Mass Spec t rometer  

A quadrupole  mass spec t romete r  was u s e d   t o   m o n i t o r   t h e   c o n s t i t u e n t s  

o f   t he   gases   i n to   wh ich   t he   shocks  were l a u n c h e d ,   l a r g e l y   t o  make a 

q u a n t i t a t i v e   d e t e r m i n a t i o n  of t h e   i m p u r i t i e s   p r e s e n t .  A moderate   f low 

of   shock-tube test gas  was b l e d   o f f   t h r o u g h  a small v a l v e   i n   t h e   t u b e  

w a l l .  This gas was moni tored   then  by b l e e d i n g   o f f  a much smaller f low 

o f  the gas i n t o   t h e   i o n i z e r  and   ana lyzer  of t h e  mass spec t romete r .  
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Figure 9 is a photograph  of the spec t romete r   and   a s soc ia t ed   equ ipmen t  

connected to  the s h o c k   t u b e  i n  the background. 

FIG. 9 PHOTOGRAPH OF MASS SPECTROMETER  CONNECTED TO SHOCK TUBE 

When a modera te -s ized  vacuum pump w a s  u s e d   ( t h r o u g h o u t   t h e   f i r s t  

e i g h t   m o n t h s )   t o   k e e p   t h e   t u b e  pumped  down, i t  w a s  f o u n d   t h a t   w a t e r  

vapor ,   f rom  the  room a i r  l e a k i n g   i n t o   t h e   t u b e ,   w o u l d   a c c u m u l a t e  up t o  

0 . 0 1 - t o r r   p a r t i a l   p r e s s u r e   o r  more  when t h e   t u b e  w a s  ma in ta ined  a t  about  

0 .02 - to r r   measu red   p re s su re .  Thus, even when a d d i t i o n a l   a i r  was brought  

i n t o   t h e   t u b e   t o  raise t h e   p r e s s u r e   t o  0.1 t o r r   f o r   t h e   l o w - p r e s s u r e  

s h o t s ,  water v a p o r   c o n s t i t u t e d   a b o u t   1 0   p e r c e n t   o f   t h e   g a s   p r e s e n t .  To 

r e d u c e   t h i s   i m p u r i t y ,  a v e s s e l   f o r   l i q u i d   n i t r o g e n  was i n s t a l l e d   i n s i d e  

the   shock- tube  dump t a n k .  When t h e   l i q u i d   n i t r o g e n  w a s  i n t r o d u c e d   i n t o  

t h e   v e s s e l ,   t h e  water vapor   wou ld   condense   r ap id ly   on   t he   wa l l s   o f  i t .  

The r e d u c t i o n   i n   w a t e r - v a p o r   c o n t e n t   t o   a b o u t  1 p e r c e n t  by t h i s  method 

is  i l l u s t r a t e d  by t h e  two r eco rded  mass s p e c t r a  shown i n   F i g .  10. I n  

F ig .  10, the   peaks   co r re spond ing   t o   he l ium  and   a rgon  are i n o r d i n a t e l y  

h igh   because   the   Vac- Ion  pump i n   t h e   r e s i d u a l   g a s   a n a l y z e r  (RGA) is  

i n e f f i c i e n t   i n   r e m o v i n g   t h e s e  gases. 

1 2  



MASS 

MASS 
PEAK ASSOCIATED 
NO. ION 
4 - He+ (RESIDUAL IN RGA) 
14 - N2** 
16 - 02" 

17,18 - Hz0 
20 - A * *  (RESIDUAL IN RGA) 
28 - N2 
32 - 02* 
40 - A* (RESIDUAL IN RGA) 

-" WITH  LIQUID  NITROGEN - WITHOUT LIQUID  NITROGEN 

SHOCK-TUBE PRESSURE: 
WITHOUT LIQUID NITROGEN "0.10 torr 
WITH LIQUID NITROGEN- 0.07torr 

FIG. 10 MASS SPECTRA SHOWING EFFECTS OF LIQUID NITROGEN ON H,O CONTENT IN SHOCK TUBE 



The  shock-tube w a l l  i m p u r i t i e s  were ana lyzed ,  wi th  the f o l l o w i n g  

r e s u l t s :  

Element 

C 

c u  

Fe  

Pd 

Sn 

N i  

Pb 

C r  

S i  

Pe rcen t  by Weight, 
S o l i d   I m p u r i t y  

35 

18 

15 

4.2 

3.6 

3.0 

3.0 

3.0 

2.4 

~ ~ . ~ .  ~ " - 

Probab le   Source  

Lexan  Liner  

Copper   Electrode 

S t e e l  Diaphragm,  Fuse Wire 

Fuse  Wire 

Fuse  Wire 

Fuse  Wire 

Fuse  Wire 

Fuse Wire 

Fuse Wire 
~" "~ _" - 

Many a d d i t i o n a l   e l e m e n t s  were f o u n d   i n   c o n c e n t r a t i o n s  less than  1 per-  

cen t ,   p robably   the   mos t   impor tan t  of which was sodium a t  approximate ly  

0.05 p e r c e n t .  However, t h e  mass spec t romet r i c   measu remen t s   o f   t he  

shock-tube gases showed  no  sodium d e t e c t a b l e   i n   m e a s u r e m e n t s   c a p a b l e   o f  

r e s o l v i n g   a p p r o x i m a t e l y   5 0   p a r t s   p e r   m i l l i o n .  
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I1 I RESULTS  OF  ADMITTANCE  MEASUREMENTS 

A. 0.1-Torr Data 

The admittance  measurements were made a t  t w o  d i f f e r e n t   v a l u e s  of 

i n i t i a l   s h o c k - t u b e   p r e s s u r e  , p1 = 0.1 t o r r   a n d  1.0 t o r r ,   o v e r  a wide 

r a n g e   o f   e l e c t r o n   d e n s i t y   v a l u e s .  I t  is e s t i m a t e d   t h a t   i n   t h e  0.1-torr 

s h o t s ,   t h e  r a t i o  o f   f r e e - s t r e a m   c o l l i s i o n   f r e q u e n c y  V to r a d i a n  RF f r e -  

quency u) was 0.06. The  boundary  . layer   thickness  6 w a s  e s t ima ted   f rom 

previous   measurements '   to  be 2.0-mm t h i c k .   F o r   t h e  1.0-torr s h o t s ,  

V/U, M 0 . 4  and 6 w 0.6 nun. F i g u r e  11 shows an  examnle  of   the t i m e -  

v a r y i n g   o u t p u t   o f   t h e  two  microwave  outputs  and a wire i o n   p r o b e   j u s t  

downstream of t h e   a p e r t u r e .  On t h i s   0 . 1 - t o r r   s h o t ,   t h e   m i c r o w a v e   p r o b e  

was f i x e d  a t  a p o i n t  e l ec t r i ca l ly  e q u i v a l e n t   t o   t h e   a p e r t u r e   p o s i t i o n  

i n   t h e   t r a n s m i s s i o n   l i n e .  

I t  was f o u n d   i n  ear l ie r  s t u d i e s   i n   0 . 1 - t o r r   s h o t s   i n  a i r  t h a t   t h e  

wire p r o b e s   c o n t i n u e   t o   d i a g n o s e   t h e   l o c a l   p l a s m a   a f t e r   t h e   p a s s a g e   o f  

t h e  tes t  s l u g  (sometimes c a l l e d  HGS--homogeneous gas   sample) .  However, 

on many s h o t s ,   j u s t   f o l l o w i n g   t h e   s l u g .   l a r g e   o s c i l l a t i o n s   i n   e l e c t r o n  

d e n s i t y   a r e   o b s e r v e d  as t h e   r e g i o n   o f   t u r b u l e n t   m i x i n g   o f   a i r   a n d   d r i v e r  

g a s e s   f o l l o w s   t h e  slug o v e r   t h e   a p e r t u r e .   F i g u r e  12 i l l u s t r a t e s   t h i s  

po in t ,   showing   t he   measu red   admi t t ance   po in t s   p lo t t ed   on  a Smi th   cha r t ,  

compared   w i th   p red ic t ions  by S w i f t .  The r a t i o  o f   t h e   e l e c t r o n   d e n s i t y  

n t o   c r i t i c a l   d e n s i t y  n is shown f o r   b o t h   t h e o r e t i c a l   a n d   e x p e r i m e n t a l  

p o i n t s .  The c i r c u l a r   d a t a   p o i n t s   f o r   F i g .  12 a s  w e l l  as f o r  most of 

F ig .  11 were t aken   f rom  r eg ions   o f   s low  e l ec t ron   dens i ty   changes .  I t  is 

s e e n   t h a t  good a g r e e m e n t   f o r   t h e s e   p o i n t s  i s  obta ined   in   impedance ,   and  

t h e   c o r r e s p o n d i n g   e l e c t r o n   d e n s i t i e s   a g r e e   w i t h i n  a fac tor  of  two. ' How- 

ever ,  when p o i n t s  are t a k e n   f r o m   t h e   s h o t s   d a t a  a t  random, i n c l u d i n g   t h e  

r a p i d l y   c h a n g i n g   r e g i o n s ,   g r e a t e r  scat ter  is a p p a r e n t   i n   t h e   d a t a .   T h i s  

i n c r e a s e d  scatter is  probably  caused by t r a n s v e r s e   n o n u n i f o r m i t y   i n   t h e  

p l a s m a   o v e r   t h e   a p e r t u r e  as i n d i c a t e d  by r a p i d   v a r i a t i o n s   o b s e r v e d  by 

t h e   s e n s o r s .   V a l u e s   o f  n/nc are n o t   a v a i l a b l e  for some o f   t h e   h i g h e r -  

suscep tance   po in t s   because   t he   p robe -cu r ren t  traces w e n t   o f f - s c a l e   f o r  

3 

C 

1 5  



TA- 6467-18 

FIG. 1 1  SIMULTANEOUS  OUTPUTS  OF REFLECTED SIGNAL, 
ION  PROBE,  AND MICROWAVE PROBE  DURING 
0.1 -TORR SHOT 
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DATA  FROM  SLOWLY  VARYING  PLASMA 

DATA FROM  RAPIDLY  VARYING  PLASMA 
THEORETICAL  PREDICTIONS  FOR 2mm BOUNDARY  LAYER 

NUMBERS  DENOTE n/n, RATIO FOR ADJACENT  POINT 

SMITH CHART  PLOT OF 0.1-TORR  ADMITTANCE  DATA COMPARED WITH THEORY 

17 



t h e s e   p o i n t s .  The h i g h e s t - s u s c e p t a n c e   d a t a   p o i n t   i n   F i g .   1 2  w a s  est i-  

m a t e d   f r o m   t h e   p o i n t   i n   F i g .  11, where   the   microwave   probe   s igna l   reached  

t h e   b r o a d  minimum about  70 ps a f t e r   t h e   f r o n t   a r r i v e d .  

I n   F i g .  13 the   conduc tance   and   suscep tance   va lues   o f   F ig .   12  are 

p l o t t e d   s e p a r a t e l y   a g a i n s t   n / n  = (wp/w) . 
B. 1 .O-Torr Data 

2 
C 

I 

The a d m i t t a n c e   r e s u l t s   f r o m   t h e   h i g h e r - p r e s s u r e   s h o t s  are similar 

t o   t h e   l o w - p r e s s u r e   o n e s   i n   t h a t  good ag reemen t   w i th   p red ic t ions  i s  ob- 

t a i n e d  when the   p l a sma  is s l o w l y   v a r y i n g .   F i g u r e   1 4   i l l u s t r a t e s   t h i s  

d a t a   o f   F i g .  

i n s t  ( W  /w) . 2 
P 

show a 

s y s t e m a t i c a l l y   h i g h e r   c o n d u c t a n c e   t h a n   p r e d i c t e d .  The near   agreement  

o f   t h e   s u s c e p t a n c e   d a t a   w i t h   t h e o r y   s u g g e s t s   t h a t  6 i s  no g r e a t e r   t h a n  

2 mm. R e f e r e n c e   1 2   c o n t a i n s  a d iscuss ion   of   the   dependence   of   condvc-  

t a n c e   u p o n   r a t h e r   m i n u t e   d e t a i l s   o f   t h e   b o u n d a r y - l a y e r   e l e c t r o n   d e n s i t y  

p r o f i l e ,   e s p e c i a l l y   f o r  l o w  v/W. S i n c e   t h i s   p r o f i l e  w a s  not  measured 

i n   t h i s  program  of  measurements, i t  is  e x p e c t e d   t h a t  much of t h e   l a c k   o f  

agreement i s  d u e   t o   i n a c c u r a c i e s   i n   t h e   p r o f i l e  estimates u s e d   i n   t h e  

c a l c u l a t i o n s .  

The d a t a  shown i n   F i g .  15 i n d i c a t e   t h a t   t h e  assumed  value  of 

6 = 0.6 mm i s  r e a s o n a b l e   f o r   t h e   1 . 0 - t o r r   s h o t s ,   b u t  a s y s t e m a t i c   e r r o r  

( i n   t h e   o t h e r   d i r e c t i o n )  is e v i d e n t   i n   t h e   c o n d u c t a n c e   a g a i n .  Here, 

a g a i n ,   p r o f i l e s  were deduced  from ear l ie r  work  and a t  a d i f f e r e n t  

p r e s s u r e ' ,   s u c h   t h a t   i n a c c u r a t e   p r o f i l e s  may be t h e   o v e r r i d i n g   c a u s e  of 

the   d i sag reemen t .  
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@ DATA  FROM  SLOWLY  VARYING  PLASMA 

A DATA FROM  RAPIDLY  VARYING  PLASMA 

"n- THEORETICAL  PREDICTIONS  FOR 0.6mm BOUNDARY  LAYER 

NUMBERS  DENOTE n/n, RATIO  FOR  ADJACENT  POINT 
ra-s4sr-a 

FIG. 14 SMITH CHART PLOT OF 1.0-TORR ADMITTANCE. DATA COMPARED WITH THEORY 
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IV. RESULTS OF RISE-TIME MEASUREMENTS 

A. 

t i o n  

Air - 
Figure 16  shows a p l o t  of measured  values   of  p 7 i n  a i r  as a func-  

of shock  Mach number,  where  p is t h e   i n i t i a l   s h o c k - t u b e   p r e s s u r e ,  
1 

1 
T = n /(dn/dtImax, and n i s  t h e   e q u i l i b r i u m   v a l u e   o f   e l e c t r o n  

d e n s i t y .  The s o l i d   c u r v e   r e p r e s e n t s   t h e   c a l c u l a t i o n s  of Thompson, 

u s i n g   a d j u s t e d  rate c o n s t a n t s   t o   f i t   t h e   e a r l i e r  data  of  Frohn  and 

deBoer14 a t  t h e  low-speed  end  and  the  data  of  Lin,  Neal, and  Fyfel’ a t  

eq * eq 
1 3  

the  high-speed  end. 

va lues   o f  p cove r s  

p T i n  a range  where 

F i g u r e   1 7  i s  an 

1’ 

1 

I t  i s  s e e n   t h a t   t h e  new data, t a k e n   a t   v a r i o u s  

n e a r l y   t h r e e   o r d e r s   o f   m a g n i t u d e   o f   t h e   p r o d u c t  

no data e x i s t e d .  

example   o f   o sc i l l og rams   o f   t he   i on   cu r ren t  as a 

F i g u r e  18 shows a summary of   resu l t s   o f   measurements   o f  n f o r  
eq 

s e v e r a l   d i f f e r e n t   c o n d i t i o n s .   I n  “d ry  a i r r r  (H20  no g r e a t e r   t h a n  1 per-  

c e n t ) ,   t h e   m e a s u r e d   v a l u e s   a g r e e d   w i t h   t h e o r y   w i t h i n   t h e   c a p a b i l i t y  of 

the  ion  probe  measurement.   However,  i t  is  a p p a r e n t   t h a t   1 0   p e r c e n t   o r  

more  of water vapor   caused  a s i g n i f i c a n t  decrease i n  n 
eq 

DeRoerl‘ ear l ie r  r e p o r t e d  rise-time measurements much f a s t e r   t h a n  

t h o s e  of F r o h n   a n d   d e m e r , ’ *   b u t   h e   c a u t i o n e d   t h a t   t h e s e   e a r l y   r e s u l t s  

shou ld  be c o n s i d e r e d  as t e n t a t i v e   b e c a u s e  of shock- tube   impur i t i e s .  

However, c o n s i d e r a b l y  less care was t a k e n   t o   e l i m i n a t e   i m p u r i t i e s   i n   t h e  

* 
The  nominal  shock-tube test time is usua l ly   no t   l ong   enough   t o   obse rve  
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FIG. 17 ILLUSTRATION OF RISE-TIME  MEASUREMENT USING 
TWO Dl FFER  ENT  ELECTROSTATIC  PROBES 

measurements   reported here t h a n   i n  t h e  work o f   F r o h n   a n d   d e k e r ,   a n d  

y e t  there is  a good  mating  of t he  two sets o f  data. I n   o n e  series, the  

d r i v e r - g e n e r a t e d   i m p u r i t i e s  were a l l o w e d   t o   c o l l e c t   o n  t h e  t u b e  walls 

f o r   a p p r o x i m a t e l y  60 s h o t s   w i t h o u t   c l e a n i n g ,   y e t   n e i t h e r  t h i s  no r  the 

10-percent  water vapor  affected t h e  a i r  rise-time r e s u l t s .  Tests w i t h  

t he  new a l u m i n a   l i n e r   g i v e  data  q u i t e  similar t o  ear l ier  r e s u l t s   f o r  a 

g iven   shock   speed .  

The limit i n   m e a s u r i n g   l o n g  rise times i n   o u r   t u b e   r e s u l t s   b e c a u s e  

of t h e  problem i n   d i s t i n g u i s h i n g  t h e  l e g i t i m a t e   t r a n s i e n t  rise i n  

i o n i z a t i o n   l e v e l   f r o m  the  rise i n   l e v e l   d u e   t o   s h o c k   d e c e l e r a t i o n ,  

moni tored  as the s l u g   p a s s e d  the  ion  probe.   For   example,  a gas  sample,  

shocked 2 meters ups t ream  of  a probe,   passes  t he  p robe  40 t o  60 ps 

af te r  t h e  f r o n t .   I f  t h e  f r o n t   d e c e l e r a t e s  7 p e r c e n t   d u r i n g  t h a t  2-meter 

l e n g t h ,   t h e  n a s s o c i a t e d   w i t h  t he  gas sample i s  a f a c t o r  of a b o u t   f i v e  

h i g h e r   t h a n  tha t  a s s o c i a t e d  w i t h  t h e   l o c a l   s h o c k   s p e e d ,   U n l e s s   t h e  

g r a d i e n t   j u s t   b e h i n d  the f r o n t  is c o n s i d e r a b l y   s t e e p e r   t h a n   t h a t ,  1.t i s  

i m p o s s i b l e  to d e t e r m i n e   w h e r e   t h e   i n i t i a l   t r a n s i e n t   e n d s .  

eq 
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B. N /CO Mixtures  
2 2  

Tests were made i n   v a r i o u s   m i x t u r e s   o f  N and 

series i n   a i r ,   s i n c e ,   a c c o r d i n g   t o   b e s t   a u t h o r i t y ,  
2 

CO f o l l o w i n g   t h e  

these   gases   compr i se  
2 

the   a tmospheres   of  Venus and Mars. Most o f   t h e s e  were made i n  90  per- 

c e n t  N /10   percent  CO The d a t a   f r o m   t h i s   m i x t u r e  were found   t o   va ry  

systematically o v e r  a wide  range  of p T similar t o   t h e   a i r   d a t a ,  as 

shown i n   F i g .   1 9 .  I t  is s e e n   t h a t   t h e  rise times are longe r   ( s lower )  

t h a n   i n  a i r  o v e r   t h e   r a n g e  of shock   speed   t e s t ed .  The measurements a t  

p1 = 0.3 and 1.0 t o r r  were made w i t h   t h r e e  wedge probes  mounted 3 

i n c h e s   a p a r t   o n  a l i n e   t r a n s v e r s e   t o   t h e   t u b e   a x i s   ( s e e  F i g .  2 0 ) .  The 

measurements a t  p = 0.1 t o r r  were made w i t h  s i x  w i r e -  probes  mounted i n  

2 2' 

1 

1 
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FIG. 20 WEDGE PROBES FOR RISE-TIME 
MEASUREMENTS 

a similar fa sh ion .  The s p r e a d   i n  t h e  measured times among the  v a r i o u s  

p r o b e s   d e t e r m i n e d   t h e   v e r t i c a l   e r r o r   f l a g s   o f   F i g .   1 9 ,   a n d   t h e   u n c e r -  

t a i n t y   i n   l o c a l   s h o c k   s p e e d ,   i n d i c a t e d  by t h e  h o r i z o n t a l   e r r o r   f l a g s ,  

w a s  de te rmined   f rom  spread   in  t h e  va lues   i n fe r r ed   f rom  the   r e sponses  

of  the  f l u s h   p r o b e s   p l a c e d   a t   r e g u l a r   i n t e r v a l s   a l o n g  t h e  tube  (see 

F ig .  3). The t h e o r e t i c a l   c a l c u l a t i o n s   w e r e  made by Evans,   using 

nominal r a t e   c o n s t a n t s   e x c e p t   f o r   a d j u s t m e n t s   r e q u i r e d   t o  be c o n s i s t e n t  

with  Thompson's a i r  c a l c u l a t i o n .  

17 

1 3  

Figures  ,21  and  22 are examples   o f   the   measured   ion iza t ion   dens i ty  

inc rease   beh ind  the f r o n t   i n   t h i s   m i x t u r e .  I t  c a n  be   s een ,   e spec ia l ly  

i n  the lower trace o f   F ig .   21 ,   t ha t   d i s tu rbances   i n   t he   nomina l  test 

s l u g   o c c u r   i n   t h i s   m i x t u r e   a h e a d   o f   t h e   d r i v e r - g a s   i n t e r f a c e .  The  de- 

p a r t u r e   f r o m   t h e  maximum e a r l y   s l o p e ,   s e e n   i n  F i g s .  21  and  22 a t   v a l u e s  

less than   ha l f   equ i l ib r ium,  is a c h a r a c t e r i s t i c   p r e d i c t e d 4   f o r   t h i s  

mixture ,  as Shawn i n   F i g .  23, i n   s h a r p   c o n t r a s t  to  t h e   r a m p - l i k e   i n -  

c r e a s e  i n  a i r .  F i g u r e  18 shows good agreement of the  measurements of 

n w i t h   t h e   p r e d i c t i o n s   f o r   t h i s   m i x t u r e .  
eq 
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FIG. 22 OSCILLOGRAM  OF  PROBE  CURRENT AS FUNCTION OF TIME 
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FIG. 23 PREDICTED  IONIZATION HISTORY IN  AIR 
AND  IN 9 N2:l  C02  MIXTURE 

P r e l i m i n a r y   m e a s u r e m e n t s   i n   m i x t u r e s   r i c h e r   i n  CO show t h a t   t h e  
2 

rise times are f a s t e r   ( s h o r t e r )  and n d e c r e a s e s  as t h e  CO is i n -  

c reased   above  10 p e r c e n t .  However, t h e r e  was n o t   s u f f i c i e n t   d a t a   o f  

t h i s , k i n d   t o   c o n s t r u c t  a u n i v e r s a l  p T curve  as a f u n c t i o n   o f  u . 
eq 2 

1 S 
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V CONCLUSIONS AND RECOMAENDATIONS  FOR  FUTURE WORK 

The  Teflon-plugged  slot-admittance  measurements  showed  best   agree- 

ment   with  theory when t h e  data a r e   t a k e n   i n  s l o w l y  varying  plasmas.  

P a r a m e t r i c   c a l c u l a t i o n s   f r o m   t h e o r y  show t h a t   f i n e   d e t a i l s   o f   t h e  

b o u n d a r y   l a y e r   p r o f i l e s  are i m p o r t a n t ,   s u c h   t h a t   i n a c c u r a c y   i n  deter- 

min ing   t hese   l aye r   shapes  may be r e s p o n s i b l e   f o r  some o f   t h e   d i s a g r e e -  

ment w i th   t heo ry .  

The i o n i z a t i o n  rise-time measurements i n  a i r  s e r v e d  two purposes :  

(1) They h e l p e d   c o n f i r m   v a l i d i t y   o f   f a c i l i t y   a n d   i n s t r u -  

men t s   fo r   measu r ing  rise times by v i r tue   o f   ag reemen t  

wi th   Frohn  and   demer   and   wi th   L in ,  Neal and  Fyfe, a t  

t h e  extremes o f   t h e  Mach-number r a n g e   s t u d i e d  

(2) They s u p p l i e d   m i s s i n g  da ta  i n   t h e   i n t e r m e d i a t e  Mach- 

number r a n g e   i n  good a g r e e m e n t   w i t h   t h e   c a l c u l a t i o n s  

of Thompson. 

The d a t a   i n   t h e   9 0 - p e r c e n t  N / l o -pe rcen t  CO mix tu re   ag ree   w i th  
2 2 

p r e d i c t i o n s   r e g a r d i n g   b o t h   e q u i l i b r i u m   d e n s i t y   a n d   t h e   c h a r a c t e r i s t i c  

"roundea  knee"  approach t o   e q u i l i b r i u m ,   b u t   t h e   m e a s u r e d  rise times 

do  not agree s a t i s f a c t o r i l y   w i t h   p r e d i c t i o n s .   P r e l i m i n a r y   m e a s u r e m e , n t s  

show t h a t  rise time is f a s t e r  a s - C O  pe rcen tage  is  increased   f rom 10 
2 

t o  50. 

B e c a u s e   t h e   i o n i z a t i o n   h i s t o r y   i n   t h e s e   c o m p l i c a t e d   g a s   s y s t e m s  is  

i n t e g r a t e d   o v e r  many r e a c t i o n s ,  i t s  measurement   can  serve as a compari-  

s o n   f o r   p r e d i c t i o n s ,   b u t  i t  i s  d o u b t f u l   t h a t  i t  c a n   s e r v e  as i n p u t   d a t a  

f o r   p r e d i c t i o n s .  I t  is recommended t h a t  similar measurements  be  under- 

t a k e n   i n   s i m p l e r   c o m p o n e n t s   o f   t h e s e   m i x t u r e s   i n   o r d e r   t h a t  better 

d e t e r m i n a t i o n   o f  basic r e a c t i o n  rates can   be  made. 

On t h e   o t h e r  hand, i t  may be   found  tha t  a pa rame t r i c   computa t iona l  

s tudy   can   be  made t o  f i n d  a unique set o f  rates t h a t   p r e d i c t   t h e  rise 

times o b s e r v e d   i n   v a r i o u s   m i x t u r e s .   I n   t h i s  case, measurements i n   t h e  

CO - r ich   mix tures   should   be   resumed.  
2 
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